Human Wilson protein is a copper-transporting ATPase located in the secretory pathway possessing six N-terminal metal-binding domains. Here we focus on the function of the metal-binding domains closest to the vesicular portion of the copper pump, i.e., domain 4 (WLN4), and a construct of domains 5 and 6 (WLN5-6). For comparison purposes, some experiments were also performed with domain 2 (WLN2). The solution structure of apoWLN5-6 consists of two ferredoxin folds connected by a short linker, and 15 N relaxation rate measurements show that it behaves as a unit in solution. An NMR titration of apoWLN5-6 with the metallochaperone Cu(I)HAH1 reveals no complex formation and no copper exchange between the two proteins, whereas titration of Cu(I)HAH1 with WLN4 shows the formation of an adduct that is in fast exchange on the NMR time scale with the isolated protein species as confirmed by 15 N relaxation data. A similar interaction is also observed between Cu(I)HAH1 and WLN2; however, the relative amount of the adduct in the protein mixture is lower. An NMR titration of apoWLN5-6 with Cu(I)WLN4 shows copper transfer, first to WLN6 then to WLN5, without the formation of an adduct. Therefore, we suggest that WLN4 and WLN2 are two acceptors of Cu(I) from HAH1, which then somehow route copper to WLN5-6, before the ATP-driven transport of copper across the vesicular membrane.
Human Wilson protein is a copper-transporting ATPase located in the secretory pathway possessing six N-terminal metal-binding domains. Here we focus on the function of the metal-binding domains closest to the vesicular portion of the copper pump, i.e., domain 4 (WLN4), and a construct of domains 5 and 6 (WLN5-6). For comparison purposes, some experiments were also performed with domain 2 (WLN2). The solution structure of apoWLN5-6 consists of two ferredoxin folds connected by a short linker, and 15 N relaxation rate measurements show that it behaves as a unit in solution. An NMR titration of apoWLN5-6 with the metallochaperone Cu(I)HAH1 reveals no complex formation and no copper exchange between the two proteins, whereas titration of Cu(I)HAH1 with WLN4 shows the formation of an adduct that is in fast exchange on the NMR time scale with the isolated protein species as confirmed by 15 N relaxation data. A similar interaction is also observed between Cu(I)HAH1 and WLN2; however, the relative amount of the adduct in the protein mixture is lower. An NMR titration of apoWLN5-6 with Cu(I)WLN4 shows copper transfer, first to WLN6 then to WLN5, without the formation of an adduct. Therefore, we suggest that WLN4 and WLN2 are two acceptors of Cu(I) from HAH1, which then somehow route copper to WLN5-6, before the ATP-driven transport of copper across the vesicular membrane.
ATPase function ͉ copper transport ͉ metal-binding domain ͉ metallochaperone ͉ Wilson disease protein H uman Wilson protein (WLNP) is a copper-transporting P-type ATPase (1, 2) located in the secretory pathway and plays a crucial role in copper transport and homeostasis (3) . Mutations in the gene encoding WLNP are associated with changes in human copper metabolism leading to a severe hepatoneurological disorder, Wilson's disease (4, 5) . In the latter, copper accumulates in a number of tissues, particularly in the liver, brain, and kidneys, causing DNA damage, inactivation of certain enzymes, and lipid peroxidation.
WLNP acquires copper from the cytosolic metallochaperone HAH1 (commonly also called Atox1) (6) , and then, after passage of copper into the Golgi, copper is inserted into the multicopper oxidase ceruloplasmin (7, 8) . WLNP also translocates from Golgi membrane to the cytosolic membrane for copper detoxification (9) . The predicted topological organization of WLNP shows that the protein is composed of four major domains (the N-terminal copper-binding domain, the transmembrane domain, the ATP-binding domain, and the phosphatase domain) and a C-terminal tail. The N-terminal copper-binding domain of WLNP (N-WLNP) is Ϸ650 aa long, contains six repetitive sequences, each bearing the conserved sequence motif GMT͞ HCxxCxxxIE (10) , and is capable of binding up to one equivalent of Cu(I) per metal-binding domain (11, 12) . The structure of N-WLNP has yet to be determined; however, the NMR structures of several single metal-binding domains from the highly homologous human copper-transporting ATPase ATP7A, Menkes protein, have been solved (13) (14) (15) . Sequence alignments and homology models on the six metal-binding domains of WLNP demonstrate that the Ϸ70 aa domains of N-WLNP are likely to be folded very similarly into ferredoxin-like units (16) . This same fold is also found in both NMR and x-ray structures of the yeast Atx1 and human HAH1 metallochaperones (17) (18) (19) (20) , the soluble cytosolic proteins that deliver copper to the copper-transporting P-type ATPases (21) .
Human missense mutations found within metal-binding domains 1, 5, and 6 are known to give rise to Wilson disease (22) , and these mutants show impaired interaction with HAH1 in a column-based assay (6) . Mutational studies performed to address the role of the N-WLNP have found that, generally, the domains closest to the membrane seem to be the most important both for the ultimate incorporation of copper into Fet3 in yeast complementation assays and in the copper-dependent translocation of WLNP from the vesicular to the cytosolic membrane (23) (24) (25) . However, the mechanism by which these domains acquire copper and then transport it across the vesicular membrane is unknown. Several studies indicate that the first four metal-binding domains are important for copper acquisition from HAH1. For example, yeast two-hybrid assays have demonstrated a copper-dependent interaction between HAH1 and constructs containing metal-binding domains 1-4 but notably not with metal-binding domains 5 and 6 (26, 27) . Furthermore, Walker et al. (28) proposed that WLN2 is the preferred site of interaction for Cu(I)-HAH1. Therefore, metal-binding domains 1-4 seem to be the most important for acquisition from the metallochaperone, whereas WLN5 and WLN6 are critical for transport of copper into the vesicle.
The six metal-binding domains are connected by linkers of different length. The longest linker between WLN4 and WLN5 provides natural separation of N-WLNP into two parts: WLN1-4 and WLN5-6. Such a feature is not found in the bacterial and yeast copper-transporting ATPases, which have only one or two metal-binding domains (16) . This topological organization suggests that the two parts can be treated independently from a structural point of view and that the different linker lengths connecting these domains is likely to be important for copper trafficking and regulation of WLNP in response to copper binding. The spatial separation and relative orientations of the N-terminal copper-binding domains in WLNP is therefore a key point in determining the mechanism by which copper passes through the membrane for incorporation into the transGolgi network. This finding, indeed, is essential to understand the routing of copper from the copper chaperone HAH1 to the transmembrane metal-binding site of WLNP. To address these issues, we have structurally characterized the domains closest to the transmembrane domain, WLN5-6. The properties of the interaction between WLN5-6 and the HAH1 chaperone and two domains belonging to the first WLN1-4 part of N-WLNP, i.e., WLN4 and WLN2, allow us to propose a route for copper transfer. This work, therefore, reports structural evidence for copper acquisition by WLNP.
Results
Solution Structure of Metal-Binding Domains 5 and 6. The structural determination of apoWLN5-6 shows that the protein is organized in two domains with the same ferredoxin-like fold (Fig. 1A) . The fold of each domain and their copper-binding site structural properties are similar to those found in the single metal-binding domains of the highly homologous human copper-transporting ATPase ATP7A (13) (14) (15) 29) . The two domains are found with fixed reciprocal orientation, as determined by the presence of nuclear Overhauser effects (NOEs) between each domain and a set of residues of the linker, thus sandwiching the linker between the two domains (see Fig. 1B ). The relative orientation of the two WLN5 and WLN6 domains is further refined by measuring the hydrodynamic properties of the molecule using the method of Fushman and coworkers (30) described in the supporting information, which is published on the PNAS web site. Because the two domains tumble as a single molecule (see below), the relaxation data and the hydrodynamic properties can be used to define the relative orientation of the two domains. Both electrostatic interactions and a hydrogen bond network likely hold the two domains in a defined and rigid orientation (Fig. 1B) . These interactions involve the negatively charged resides in the linker and strand ␤5, Glu-73, Glu-83 (which are fully conserved in eukaryotic organisms), and Asp-74 (semiconserved, substituted only by Asn or Gln residues), which constitute a negative patch in close contact with the fully conserved, positively charged residue Lys-119 of WLN6. The structure shows that the two copper-binding sites are distant from each other ( Relaxation rate measurements ( 15 N R 1 , R 2 , and 1 H-15 N NOEs are reported in the supporting information), which can provide a picture of the dynamics of the protein from its overall tumbling rate to specific protein internal motions, indicate that WLN5-6 reorients in solution as a single molecule (i.e., as a dumbbell) rather than as independent beads on a string. The overall rotational correlation time ( c ) of apoWLN5-6 (9.1 Ϯ 0.6 ns) is indeed two times greater than that (Ϸ4.5 ns) for WLN6 alone and is the value expected for a monomeric protein of a molecular mass of 16 kDa (32) . The parameters of the rotational diffusion tensor of apoWLN5-6 are reported in the supporting information. Furthermore, the residues linking the two domains of apoWLN5-6 do not experience conformational exchange processes on the millisecond-to-microsecond time scale (see the supporting information), consistent with the unique relative orientation of the two domains.
Copper Interaction and Transfer Studies. The apoWLN5-6 construct can bind two equivalents of copper provided by small Cu(I) complexes. The copper binding produces spectral changes limited to the two copper-binding regions and does not affect the overall structural properties; in particular, it does not induce changes in the relative orientation of the two domains (Fig. 2) . Furthermore, relaxation measurements ruled out the possibility of aggregation phenomena. However, the behavior is dramatically different when apoWLN5-6 is titrated with the physiological partner of WLNP, the Cu(I)HAH1 protein. When apoWLN5-6 and Cu(I)HAH1 are mixed together, no copper transfer occurs from Cu(I)HAH1 to apoWLN5-6, even when more that one equivalent of Cu(I)HAH1 for each metal-binding site is added (HAH1͞WLN5-6 ratio of 2.5:1.0) and monitored for 2 weeks. Moreover, the 1 H-15 N heteronuclear single quantum correlation (HSQC) spectrum of WLN5-6 remains unchanged as apoWLN5-6 is titrated with Cu(I)HAH1, indicating that no adduct in quantities detectable by NMR is formed between HAH1 and WNL5-6. This finding is consistent with the two-hybrid assay data showing that HAH1 does not interact with WLN5-6 (26).
apoWLN5-6 was also titrated with Cu(I)WLN4 to test whether WLN4 could pass the copper ion to the domains closest to the transmembrane copper-binding site. At variance with what occurs with Cu(I)HAH1, partial Cu(I) transfer occurs. By integration of some amide NH signals in the vicinity of the two metal-binding sites, we estimate that, at a 1:1 Cu(I)WLN4͞ apoWLN5-6 ratio, copper is partially transferred to WLN6 [Ϸ10% of the site is saturated with Cu(I), with no transfer to WLN5]. Further additions of Cu(I)WLN4 up to a ratio of 6:1 cause an increase in the metallation of the WLN6 domain as well as metallation of WLN5 (Fig. 3) [at a 2.5:1 ratio, 25% of Cu(I) is bound to WLN6 and 10% is bound to WLN5; at 6:1 ratio, 45% of Cu(I) is on WLN6 and 35% is on WLN5]. No formation in detectable quantities of a protein-protein adduct is observed: indeed c of both forms of WLN5-6 [i.e., apo and Cu(I)], in the presence of Cu(I)WLN4, remains unchanged with respect to c of apoWLN5-6. In addition, the 1 H-15 N HSQC spectrum of WLN5-6 in the presence of Cu(I)WLN4 is the sum of the spectra of two species, i.e., apoWLN5-6 and Cu(I)WLN5-6.
When Cu(I)HAH1 is titrated with apoWLN4, changes in chemical shift in a number of residues are observed ( Fig. 4 ; see also the supporting information), with the shift changes increasing upon addition of apoWLN4. Moreover, a few NH crosspeaks of the residues closer to the metal-binding site of HAH1 broaden beyond detection. The 1:1 Cu(I)HAH1͞apoWLN4 mixture shows an increase of c (7.2 Ϯ 0.7 ns, as obtained from the R 2 over R 1 ratio; see the supporting information) with respect to isolated Cu(I)HAH1 (4.6 Ϯ 0.4 ns). This value for c indicates the formation of a complex between WLN4 and HAH1 that is in fast exchange with the free proteins in solution, according to Scheme 1:
At
§ In the 1 H-15 N HSQC spectra, it appears that the residues experiencing a ␦ avg (HN) shift variation of Ͼ0.03 ppm with respect to both apo and metallated forms are localized in two regions of the protein corresponding to stretches 8-26 and 55-63. These stretches constitute loop 1; helix ␣ 1 , which contains the metal-binding site; helix ␣ 2; and loop 5. The specific chemical shift changes observed upon mixing is a strong indication of the involvement of these regions in the proteinprotein interaction. The above equilibrium appears to be very similar to that experienced by Ccc2a and Atx1 and discussed in detail in the literature (33, 34) . In the latter case, the formation of the adduct was suggested to be a transient species in the transfer process of copper to the ATPase, which removes copper from one compartment (the cytoplasm) and transfers it to another (the Golgi organelle).
As it has been recently suggested that the chaperone HAH1 delivers copper specifically to WLN2 of N-WNDP (28), apoWLN2 was titrated with Cu(I)HAH1. Similar to the HAH1͞ WLN4 titration, changes in chemical shift in a number of residues of WLN2 are observed (see the supporting information), with the shift changes increasing upon addition of Cu(I)HAH1, as well as broadening of a few NH crosspeaks of residues close to the metal-binding site of HAH1. However, the observed chemical shift changes are smaller than those observed in the HAH1͞WLN4 titration at the same protein ratio. The chemical shift changes are located in the same regions involved in the WLN4͞HAH1 interaction, indicating that similar adducts are formed in both cases. The 1.5:1 Cu(I)HAH1͞apoWLN2 mixture shows an increase of c from a value of 4.6 Ϯ 0.4 ns in the isolated Cu(I)HAH1 to 5.5 Ϯ 0.4 ns for both HAH1 and WLN2 proteins in the mixture (as obtained from the R 2 over R 1 ratio, see the supporting information for details). The latter value is, however, lower than that observed in the 1:1 Cu(I)HAH1͞WLN4 mixture (7.2 Ϯ 0.7 ns), thus indicating that the fraction of formed adduct for WLN2 is lower than WLN4. In conclusion, the data indicate that the equilibrium (Scheme 1) also is present for the HAH1͞WLN2 interaction, and, at millimolar concentrations and at a 1.5:1 HAH1͞WLN2 ratio, 22% of the proteins are in the adduct state as estimated from the average c value. A structural model of the Atx1͞Ccc2a complex showed that three negatively charged residues of Ccc2a are involved in electrostatic interactions with four Lys residues of Atx1 (33). These positively charged residues are conserved in HAH1, namely Arg-21, Lys-25, Lys-56, and Lys-57, and show significant chemical shift perturbation in the presence of WLN4 and WLN2 ( Fig. 4 ; see also the supporting information). The three negatively charged residues of Ccc2a are conserved in WLN4, but only two are conserved in WLN2, WLN5, and WLN6 (16) . As HAH1 interacts with WLN4 and WLN2 but not with WLN5-6, we may conclude that electrostatic charges are important but not unique factors in the protein-protein interactions.
Discussion
Based on the results of our NMR experiments, we are able to propose a pathway for copper delivery to the N-terminal metalbinding domains of WLNP. First, Cu(I)HAH1 forms a complex with WLN4 and WLN2 that allows transfer of copper between these partners. We did not measure any complex formation and no copper transfer between Cu(I)HAH1 and WLN5-6, indicating that WLN5-6 must acquire copper from one of the other metal-binding § This estimate for percent of adduct is based on the fact that the overall rotational correlation time of the adduct is assumed to be double, because it has a molecular mass approximately double that of the single domain. domains. Because WLN4 and WLN2 are in close proximity to four other metal-binding domains with similar copper affinity (35) , copper may transfer intramolecularly between these sites, and we have shown here the possibility of copper transfer between WLN4 and WLN5-6. The solution structure, hydrodynamic behavior, and relaxation parameters of WLN5-6 reveal that this two-domain construct behaves as a unit, with the metal-binding sites facing away from each other, disallowing interdomain copper transfer between WLN5 and WLN6.
Different Functional Roles of Metal-Binding Domains. In coppertransporting P-type ATPases, the spatial arrangement of the two-domain WLN5-6 construct is evolutionarily conserved across phylogenetic boundaries from bacteria to yeast to man. A structurally characterized two-domain construct of CopA of Bacillus subtilis (31) , denoted CopAab, has a shorter linker than WLN5-6 with a hydrogen-bonding network at the interdomain interface. Like WLN5-6, the metal-binding sites of CopAab are far from each other, and copper binding does not alter protein structure. In contrast to the behavior of WLN5-6, the soluble two-domain constructs of Cu(I)-ATPases in lower organisms typically interact directly with their metallochaperone. For example, CopZ delivers copper to CopAab (36, 37) , and yeast Atx1 delivers copper to Ccc2 (38, 39) . Study of the biochemistry and function of bacterial and yeast copper trafficking pathways has nonetheless provided crucial information about complex formation in copper donor-target interactions (40, 41) .
Why is there a need for six seemingly redundant high-affinity copper-binding domains in N-WLNP? Six copper sites rather than one may provide an entropic advantage for copper acquisition; however, we observe inequivalency among the metalbinding domains of WLNP in their surface potentials and interactions with HAH1. Therefore, we propose a model for the function of the N-terminal Wilson metal-binding domains based on our NMR titrations (Fig. 5) . The long peptide linker between WLN4 and adjoining domains may allow WLN4 to change orientations and interact with either HAH1 or one of the other metal-binding domains. In our in vitro titration experiments, WLN4 passes copper first to WLN6 and then to WLN5. In vivo, after WLN5-6 acquires copper, it likely pivots and passes copper toward the conserved CIACPC motif in the transmembrane domain. It is possible that other metal-binding domains (i.e., WLN2) also transfer copper to WLN5-6.
Walker et al. (28) proposed that WLN2 is a primary target for Cu(I)HAH1 based on selective protection of WLN2 (relative to other domains) from labeling with a thiol-specific probe under conditions in which one copper was transferred from HAH1 to N-WLNP. They also showed that a double mutant of WLNP, with the metal-binding Cys of WLN2 mutated to Ala, revealed a decrease in Cu(I)HAH1-dependent catalytic phosphorylation. Similarly, our titration studies between Cu(I)HAH1 and WLN2 indicate the formation of a HAH1͞Cu(I)͞WLN2 adduct; however, it has lower affinity than that formed between HAH1 and WLN4. The observed lower affinity of WLN2 toward HAH1 with respect to WLN4 is in agreement with the two-hybrid assays that show that the interaction between HAH1 and WLN4 (or WLN1-4) is significantly stronger than the interaction with WLN2 (26, 27) . Our observation of a protein-protein adduct of Step 2) apo-HAH1 diffuses away from WLN4, and, then (Step 3), WLN4 transfers copper to WLN5-6. Interdomain residue spacing is noted with numbers. Theoretically, the 57-aa linking region between WLN4 and WLN5-6 could allow the copperbinding site of WLN4 to access both domains of WLN5-6. Other targets of HAH1, i.e., WLN2, may function similarly. Conclusion. In summary we have proposed a pathway for copper transfer from the HAH1 metallochaperone to N-WLNP. We have shown that HAH1 does not interact with WLN5-6 but instead forms a protein-protein adduct with WLN4 and WLN2, like that observed between yeast Atx1 and Ccc2a (43) , which are known to transfer copper in a reversible manner (38) . We also monitored copper transfer between the metal-binding domains WLN4 and WLN5-6. The solution structure of WLN5-6 reveals that these two domains function as a unit but acquire copper differently because of the location of metal-binding motifs on opposite ends of the molecule. Certain metal-binding domains function to accept copper from HAH1, whereas others acquire copper from another ATPase metal-binding domain within the N terminus. The mechanism proposed here is consistent with that recently suggested for the analogous Menkes protein, for which the interaction between a construct containing metalbinding domains 4-6 and HAH1 was studied (44) . In addition, in that case, it is proposed that the fourth domain is one of the sites for the initial copper transfer from the partner Cu(I)HAH1.
Cu(I)
HAH1 with WLN4 or WLN2, which are in a fast exchange regime on the NMR time scale, requires a high dissociative
Materials and Methods
Cloning, Purification, and NMR Sample Preparation of WLN 5-6, WLN2, and WLN4 Domains. WLN5-6, WLN4, and WLN2 were cloned and expressed in Escherichia coli by using standards methods. 15 N and 15 N͞ 13 C-labeled WLN5-6 were expressed in minimal media. Further details, including metallation, and preparation of NMR samples is described in the supporting information. 15 N-labeled and unlabeled HAH1 protein samples were purchased from ProtEra (Florence, Italy).
NMR Experiments and Structure Analysis. The NMR spectra were acquired on Avance 900, 800, 600, and 500 Bruker spectrometers operating at proton-nominal frequencies of 900.13, 800.13, 600.13, and 500.13 MHz, respectively, using a triple-resonance (TXI 5-mm) probe equipped with pulsed field gradients along the x, y, and z axes. The 900, 800, and 500 MHz have a triple-resonance cryoprobe.
The NMR experiments recorded on 13 C͞ 15 N and 15 N enriched samples of apoWLN5-6 are summarized in the supporting information. All spectra were collected at 298 K, processed with the standard Bruker software (XWINNMR), and analyzed through the CARA program. Resonance assignments are reported in the supporting information.
Structure calculations were performed through iterative cycles of DYANA (45) followed by restrained energy minimization with AMBER 5.0 (46) applied to each member of the family. An automated CANDID (47) approach combined with the fast DYANA torsion angle dynamics algorithm was used to assign the ambiguous NOE cross-peaks and to have a preliminary protein structure. The structure of apoWLN5-6 displays the following secondary structure elements: 4-11 (␤1), 18-27 (␣1), 34-38 (␤2), 43-48 (␤3), 55-65 (␣2), 68-71 (␤4), 81-87(␤5), 92-104 (␣3), 110-114 (␤6), 118-124 (␤7), 131-141 (␣4), and 144-146 (␤4). The NMR and refinement statistics for apoWLN5-6 are reported in the supporting information. The 30 structures with the lowest energy were analyzed with PROCHECK-NMR (48) . Analysis of the Ramachandran plot showed that 80% of residues were in the most favored regions, 14.7% were in the allowed regions, 3.7% were in the generously allowed regions, and 1.6% were in the disallowed regions. The relative orientation of the two domains was determined by aligning the principal axes of the rotational diffusion tensor of the whole molecule ''seen'' by each of the domains, using the method of Vardan et al. (30) 15 N HSQC experiments were also recorded on Cu(I)- 15 NHAH1͞apoWLN4 samples with protein concentration ratios of 1:0.5 and 1:1 to obtain the resonance assignment of HAH1 in the protein complex. Aliquots were added in a Coy chamber under a nitrogen atmosphere at 298 K using a Hamilton syringe to deliver small amounts of unlabeled proteins to the labeled samples in NMR tubes. The 15 N, 1 H resonance assignment of apo and Cu(I)HAH1 is available from ref. 20 .
The metallation of the WLN5 and WLN6 domains was monitored through a few residues (Val-19, Val-95, Ser-20, and His-96), which are next to the Cu(I)-binding Cys-18 and Cys-94, respectively, and therefore show a large chemical shift difference between the apo-and Cu(I)-loaded forms. In addition, their NH crosspeaks are not overlapped in the 1 H-15 N HSQC maps of apo and Cu(I)WLN5-6, and, therefore, they are easily integrated during the titration steps. The resonance assignment of backbone NH amides of Cu(I)WLN5-6 was obtained from the analysis of two-dimensional 1 
